Because of the need to predict the reactivity worth of the coolant in advance and because of the reactor outage time required to make experimental coolant reactivity worth measurements, it is desirable to be able to calculate the reactivity worth of the coolant using analytical methods.
In this work a method is developed and evaluated for calculating the reactivity worth of the coolant of the Plutonium Recycle Test Reactor (PRTR).
The calcu -.
lational method is evaluated by comparing the theoretical results with experimental coolant reactivity measurements previously obtained at the PRTR.
The reactivity worth of the coolant is calculated by performing diffusion theory calculations of the effective multiplication constant of the reactor core with and without the coolant in given process tubes.
Special attention is given to developing a method for calculating the geometry-dependent resonance integrals for the PRTR fuel elements.
II.
EXPERIMENTAL COOLANT REACTIVITY WORTH DATA Description of the PRTR Core
The PRTR is a heavy water moderated and cooled, vertical tube type reactor. The unpressurized heavy water moderator is contained in an aluminum calandria.
Passing vertically through the calandria are 85
Zircaloy-2 process tubes, containing the fuel elements which are cooled with pressurized heavy water. The process tubes are arranged on an eight inch hexagonal lattice.
The primary mode of reactor control is by varying the height of the moderator (moderator level) in the calandria.
The calandria can contain up to 18 shim assemblies for gross adjustment of the core reactivity.
The standard PRTR fuel element is a 19-rod cluster of Zircaloy-2 clad urania (UO2) or urania-plutonia (UO2-Pu02) fuel. Additional information on the PRTR is given in the Final Safeguards Analysis (17) .
Reactivity Worth Measurements
Experimental coolant reactivity worth data have previously been measured at the PRTR. This establishes a basis of comparison with the results of the calculational method. The experimental coolant reactivity worth measurements that are used in this work were made by R. I. Smith (14) at The critical moderator level with all process tubes containing coolant was measured to be 250.50 cm.
The measured differences in the critical moderator levels with the coolant removed from the process tubes 1. Measurement of the reactivity worth of the coolant by making period measurements is usually not possible for a heavy water moderated reactor containing irradiated fuel because the (y,n) flux causes an excessive temperature increase in the uncooled fuel. Reactor Core Configuration containing the unirradiated test fuel elements are listed in Table I . The possible errors listed in Table I are the standard deviations of the measurements. As shown in Table I the critical moderator level   decreased when the coolant was removed from the UO   2 fuel elements, increased when the coolant was removed from the UO2 -0.48% PuO2 fuel elements, and changed very little (slight increase) when the coolant was removed from the UO 2 -1 0% PuO2 fuel elements.
The small change in the critical moderator level for the UO2-1.0% PuO2 fuel was verified with two measurements.
III.
CROSS SECTION CALCULATIONS
The reactivity worth of the coolant is calculated by making a diffusion theory calculation of the reactor multiplication constant with coolant and without coolant in given process tubes. For the diffusion theory calculations, the reactor core at the time of the experimental coolant reactivity worth measurements (see Figure 1 ) is converted into the 17 cylindrical regions listed in Table II . The average few-group cross sections required for the diffusion theory calculations are calculated for each of these cylindrical regions from available nuclear cross section and resonance integral data.
Thermal Cross Sections
The spectrum and volume averaged thermal cross sections for the fueled regions of the core are calculated 18 
7,)
with the computer code THERMOS (7, 18) The integral transport equation is solved by the THERMOS code to determine the thermal neutron spectrum as a function of position in cylindrical geometry.
The neutron energy range for the THERMOS calculations is from 0 to 0.683 ev. The basic cross section (16) data is from the BNW Master Library . The shim rods adjacent to the two unirradiated The dimensions of the radii shown on Figure 2 for the unirradiated test fuel elements used in the experimental coolant worth measurements are listed in Table III .
The isotopic compositions and the density of the unirradiated test fuel elements are listed in Table IV .
The isotopic composition of the primary coolant The isotopic composition of the moderator was 99.7 molecular percent D20 and 0.3 molecular percent H20.
The thermal cell-averaged absorption and fission cross sections calculated by THERMOS for the three kinds of unirradiated test fuel elements are listed on Resonance Integrals for Uranium-238
The uranium-238 resonance integrals for single Carlvik and Pershagen, as cited by Hellstrand (5) developed a method based on the experimental data of
Hellstrand to calculate an effective surface area for hexagonal clusters. The uranium-238 resonance integrals for hexagonal clusters could then be calculated from Equation (3.1). Later, Pershagen (11) showed that the calculational methods developed by Carlvik and Pershagen did not adequately calculate the resonance integrals that were measured by Bernander and Jirlow as cited by (11) .
Pershagen
The discrepancy occurred for hexagonal clusters with water-to-fuel ratios larger than the water-to-fuel ratio used in the resonance integral measurements of Hellstrand.
In this work a different method is developed for calculating the effective surfaces of clusters. These effective surfaces can be used to calculate the reso- where S rb is the surface that would be formed if a rubber band were stretched around the cluster with no cladding on the fuel rods (rubber band surface). where k is the distance between the centers of the fuel rods, and rip is the radius of the bare fuel rods. For calculating the effective surface of a fuel element cluster with coolant between the fuel rods, the cluster is assumed to be a single fuel rod with a larger surface than the outside of the cluster. where Q is the distance between fuel rod centers, ro is the radius of the bare fuel rods, and the inverse tangent is in degrees.
For a coolant region surrounded by four equally spaced fuel rods, the equation for The moderator noncollision probability Po accounts for the neutrons that are scattered out of the resonance energy range before they reach the fuel.
The P o.
is calculated by assuming that each coolant region inside the cluster is an infinite cylinder with a volume equal to the volume of the coolant plus the volume of the cladding bordering the coolant region.
The collision probability (1 Po) for an infinite cylinder is given by Case, de Hoffmann, and Placzek (3) as a function of cylinder radius and scattering cross section.
In this work, the macroscopic scattering cross section of the PRTR coolant (97.25 percent heavy water)
is taken as 0.38 cm Table VI .
As shown in Table VI there is a reasonable agreement between the measured and the calculated resonance integrals for the hexagonal clusters over a wide range of rod pitches (k) and interior coolant volumes (VM).
Resonance Integrals for Uranium-235 and Plutonium
Isotopes
The resonance integrals for the uranium-235 and the plutonium isotopes are calculated with the HRG (2, 8) computer code using the methods of Adler, Hinman, and The resonance integrals for uranium-238 listed in Table VI include all resonance absorption except the low energy 1/v absorption. The resonance integral calculation for uranium-238 in HRG considers resonance absorption up to 2.5 key excluding the 1/v absorption.
Absorption in uranium-238 above 2.5 key is treated in HRG by cross section information on the HRG data tape.
The contribution to the uranium-238 resonance integral above 2.5 key is estimated to be 2.5 barns and is assumed to be independent of the coolant in the cluster.
This estimate is based on contributions of 1.30 barns between 1.0 kev and 30 kev and 1.7 barns above 30 key given by Nordheim (10) , and a contribution of 0.5 barns between 1.0 kev and 2.5 key calculated by HRG. This contribution of 2.5 barns above 2.5 key is subtracted from the resonance integrals listed in Table VI to determine the uranium-238 resonance integrals required to determine the T parameters.
The calculated T parameters and the calculated resonance integrals for absorption and fission in the uranium-235 and plutonium isotopes are listed in Table VII for the UO2, the U0 fuel elements because the geometry is the same and the calculated uranium-238 resonance integrals (see Table VI ) are approximately the same for both types of fuel elements. Table V. IV.
COOLANT REACTIVITY WORTH CALCULATIONS
The reactivity worth of the coolant is calculated by calculating the effective multiplication constant of the reactor core with and without the coolant in given process tubes using the diffusion theory code HFN (9).
The HFN code uses numerical methods to solve the multi- The coolant reactivity worths calculated by HFN for the three types of unirradiated test fuel elements are listed in Table VIII . 
COMPARISON OF MEASURED AND CALCULATED COOLANT REACTIVITY WORTHS
The measured changes in the critical moderator level resulting from removing the coolant from the unirradiated test fuel elements listed in Table I are converted to coolant reactivity worths using the average calculated moderator level coefficient of 0.204 mk/cm.
These measured coolant reactivity worths converted to mk are listed in As shown in Table X , the coolant reactivity worth is primarily determined by changes in the epithermal capture, thermal capture, thermal fission, and epithermal scattering cross sections. Since the contribution to the coolant reactivity worth from changes in each of these cross sections is larger in absolute magnitude than the net coolant worth listed in Table IX, small errors in these cross sections will produce large errors in the calculated coolant reactivity worth.
For example, the change in the epithermal capture cross section depends primarily on the change in the uranium-238 resonance integral. As shown in Table VI, the uranium-238 resonance integral changes by 1.06 barns when the coolant is removed from the UO2-1.0% Pu02 fuel cluster.
If the possible error in the uranium-238 resonance integral with coolant relative to the resonance integral without coolant is assumed to be 0.3 barns Table X for The calculational method is compared with previously measured coolant reactivity worths.
The reactivity worth of the coolant for the two UO2 fuel elements is calculated to be -0.071 mk which agrees with the measured worth of -0.077 mk. The coolant reactivity worth for the three UO2-0.48% Pu02 fuel elements is calculated to be 0.14 mk which is in reasonable agreement with the measured worth of 0.10 mk.
For the three UO2-1.0% Pu02 fuel elements, the reactivity worth of the coolant is calculated to be 0.16 mk, which is not in agreement with the measured worth of 0.018 mk.
The coolant worth for the three UO2-1.0% Pu02 fuel elements was measured twice, and thus the calculated reactivity worth is most likely in error. Diagram of Angles a and P.
